Abstract-In this paper we describe radio wave propagation within mixed residential area consisting of vegetation and houses. We assume no specific knowledge of the houses and vegetation location, but only of their statistical parameters. A three-dimensional (3D) stochastic approach, which is based on the statistical description of the terrain features, houses and vegetation, and deterministic description of signal decay is presented. The scattering and diffraction from trees and buildings, as well as the diffused reflection from the rough structures of the obstructions are modeled using the statistical description of an array of non-transparent phase screens randomly distributed on the rough terrain. The model, which accounts for single scattering and diffraction phenomena and a similar model, which accounts for multiple scattering effects without effects of diffraction are compared with measurements carried out in typical rural mixed residential areas with vegetation. The accuracy of the theoretical prediction is analyzed accounting possible variations of the terrain features. The approach presented here is applicable in many cases, where specific topographical information is not available.
INTRODUCTION
In planning cellular wireless systems it is important to estimate, with a high degree of confidence, the mean signal amplitude decay that would be received by individual subscribers located in various areas surrounding the site of a base station.
Within the built-up areas this problem is complicated by the shadowing effects of tall buildings and other natural and man-made obstructions, and by the so-called channeling phenomena [1] [2] [3] [4] [5] . In an urban area the mean signal may differ by 20-30 dB within a traveling ranges of 200-300 m. In suburban areas, one has a better capability to estimate the coverage from a base station since there are relatively few large buildings and channeling effects are less important. In this case, one can assume that the topographic features are predominant.
Vegetation, however, is another significant feature, which affects radio wave propagation in rural areas, but usually it can be neglected in most built-up areas.
Predictions of signal decay in the case of irregular terrain at frequencies less than 500 MHz have been made by a number of authors [6] [7] [8] [9] [10] in the end of the fifties to the beginning of the sixties. Usually their estimations are fairly involved and aimed at calculating the loss of point-to-point paths. Later, during the seventies, vegetation and foliage losses have been reported [11] [12] [13] at frequencies up to 10 GHz but for relatively few paths. As follows from literature [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , trees have both absorbing effect (caused by scattering from foliage) and diffraction effect (caused by a lateral wave created by the top of the tree layer), mainly for propagation over the trees. Up until today, there is not any satisfactory analytical or statistical propagation model, which could explain both building and vegetation effects. Tamir's deterministic model of dielectric layer is valid only for pure forest environments and for frequencies, which do not exceed 500 MHz [16, 17] . The model developed in [18] [19] [20] [21] takes into account the layer of discrete scatterers, as cylinders and disks, which model trees and their branches and leaves, using singlescattering approximation (Born approximation) cannot be converted to the mixed areas containing trees and houses. Models created for rough terrain, including sea surfaces [27] [28] [29] [30] [31] [32] , cannot be used for forested and built-up areas with complicated profiles of the terrain. At the same time, unified stochastic approach, which sufficiently and fully describes signal power distribution in space domain (for radio coverage prediction) [33] [34] [35] [36] , in the angle-of-arrival and delay spread domains [36] , has limited applications for rural mixed areas, because it deals with such obstructions, as buildings, which are much greater than the wavelength. The results of this approach cannot be automatically converted to scattering from small houses and trees. This is why, following [33] [34] [35] [36] [37] , we develop a new model, which can be applicable to small obstructions with rough surface where these roughness models the architectural features of houses and branches and leaves of trees (see below).
Below, in Section 2, we present a 3D-statistical model, based on statistical approaches initially constructed for description of radio propagation above the rough terrain [27] [28] [29] [30] [31] . Later these methods, developed both for single scattering from rough terrain, based on Kirchhoff approximation (called the "geometrical optic approximation") and for multiple scattering, based on Feynman diagrams (or Green's function expansion), were converted to the built-up rough terrain [32] [33] [34] . In [35, 36] this stochastic approach was expanded to the urban and suburban areas, taking into account the buildings' overlay profile and diffraction from buildings' roofs and corners. The next step of investigations was transforming the results obtained for built-up areas to mixed residential areas with vegetation, and creating more adaptive model, which can cover all kinds of the terrain and predict propagation characteristics there. In [38] we presented briefly results of numerical investigations of only one characteristic, the path loss, based on this stochastic approach. The main goal of this work is to describe strictly and informatively our approach to obtain signal decay (or path loss) in the space domain (i.e., spatial attenuation of the signal), accounting to both effects of separate independent scattering of each wave (called "single") from an array of non-transparent trees and houses, and of diffraction from roofs and corners for signal loss effect prediction for UHF/X-band (0.5-10 GHz) propagation. Using the same procedure, as done in [36] , we will, in future work, convert the results of our research to investigate signal distribution in the angle-of-arrival and time delay domains. Section 3 presents a comparison between the proposed 3D-stochastic model using both approaches, with and without diffraction, and the experimental data gathered from a commercial deployment of a Fixed Wireless Access system developed by InnoWave-ECI in a similar area.
The models developed in this work are equivalent to the Hata model [34] in the sense that they are applicable with very little knowledge of the deployment area. However, unlike the Hata model, they use much more information about the area, as will be discussed in Sections 2 and 3. Moreover, comparison between Hata model and the models, similar to above, but developed for urban areas [35] [36] [37] , has shown that the accuracy of stochastic approach is higher and does not exceed 6-8 dB while the Hata model gives accuracy of 10-15 dB compared to experimental data obtained for different urban and suburban environments. It was shown that the models are useful when specific topographical or morphological information of the deployment area is not known, or cannot be predicted.
3D-STOCHASTIC MODEL OF WAVE SCATTERING IN MIXED AREAS WITH VEGETATION
We propose an approach to investigate the scattering and diffraction effects that accompany the process of radio propagation through rural environment consisting of mixed residential and vegetation areas. This is a combination of probabilistic and deterministic approaches, which describe the random media scattering and diffraction phenomena and follow theoretical concept developed in [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . We use the Kirchhoff (geometrical optic) approximation to account for propagation over a series of houses and trees modeled as absorbing amplitude/phase screens with rough surfaces, which allows us to obtain, from Green's theorem, a solution for the total field scattered from the rough terrain when the scale of each roughness is much higher than the wavelength. Then we use the single and multiple scattering approaches with and without diffraction, respectively, from the non-transparent amplitude/phase screens to obtain the field average intensity attenuation using their real physical parameters, the permittivity and the conductivity, as well as the random distribution of houses and trees structures, the architecture elements, branches and leaves, respectively. We substitute real buildings and trees with rough screens with scales of correlation corresponding to the dimensions of the architectural elements of the buildings or branches and leaves in the case of the trees.
Model Description
Let us consider a set of houses and trees as blocks and cylinders, respectively, with randomly oriented rough surfaces, which are placed on a flat terrain. According to [34] [35] [36] [37] [38] , we assume that the reflection properties of the houses and trees are randomly and independently distributed, but they are statistically the same. The values of the reflection coefficient, R(ϕ S , r S ), are complex with a uniformly distributed phase on the range [0, 2π] . In other words, the coefficient of the reflection from the building or tree surface is randomly, but independently, distributed at the obstruction surface. This assumption is often used in real problems of propagation and scattering concerning the rough structures [27] [28] [29] [30] [31] [32] [33] . Thus, the average value of the reflection coefficients is zero, i.e., R(ϕ s , r s ) = 0. Finally, we consider each block or tree as a phase-amplitude screen, the reflection properties of which are described by the complex coefficient of reflection with uniformly distributed phase in the range [0, 2π] with correlation scales in the horizontal dimension, h , and in the vertical dimension, v , respectively. Note, that in built-up areas where buildings' horizontal dimensions are larger than the wavelength, the horizontal reflection properties were not taken into account [33] [34] [35] [36] ; here we take into account diffused reflection both in horizontal and in vertical planes, which is a new result with respect to those obtained in [33] [34] [35] [36] .
The geometry of the problem is shown in Fig. 1 , where r 1 is the location of the transmitting antenna at the height z 1 , r 2 is the location of receiving antenna at the height z 2 . Let us derive an average measure of field intensity for waves passing through the mixed layer of houses and trees by use of the single scattering approach taking into account diffraction from tree-tops and building roofs according to [33] [34] [35] [36] [37] [38] .
Main Equations
As shown previously in [33] [34] [35] [36] [37] for wave propagation through the building layer with randomly distributed buildings (screens), the total field for scattering problem can be presented in the following form:
where U i (r 2 ) is the incident wave field, G(r 2 , r 1 ) is the Green's function
and n S is the vector normal to the terrain surface S at the scattered point r S . Here r 1 is the point symmetrical to r 1 relative to the earth surface S 1 ; k = 2π/λ and λ is the wavelength. We consider in the integral of (1) the random surface S (relief of the built-up terrain with vegetation) as the superposition of ideal flat ground surface S 1 and the rough surface S 2 that is created by the tops of the houses or trees.
We construct the Green function in such a form (2) to satisfy the electrodynamic approach, e.g., to describe both vertical (sign "+" in (2)) and horizontal (sign "−" in (2)) polarization and corresponding boundary conditions (see details in [33] [34] [35] ).
Hence if the source is described by formula (2), assuming the surface S 1 as perfectly reflecting, we can exclude the integration over non-disturbed surface S 1 , i.e., use the integration only over the disturbed surface S 2 , and immediately reduce the scattered field presentation (1) in the following form:
where
and r S is the scattered point at the rough terrain.
The Problem of Single Scattering and Diffraction
Let us, first of all, consider that one of the antennas is higher than the mixed layer average height,h, i.e., z 2 >h > z 1 
is the height of i th house or tree and N is the number of houses and trees within the area of service. In this case, the field component, which, propagating through such a mixed layer after multiple scattering, is much smaller than that for single scattering [35] [36] [37] [38] , thus only single-scattering effect should be taken into account.
In this case, using the well-known Kirchhoff (geometrical optics) approximation [27] [28] [29] [30] [31] , let us determine the single scattered field U (r S ) from the obstruction layer as the product of the boundary value of the incident wave U i (r 2 ), the reflection coefficient R(ϕ S , r S ) and the shadow function Z(r 2 , r 1 ), which equals unity, if the scattered point r S inside the obstruction layer is simultaneously visible from both antennas placed at points r 1 and r 2 (see Fig. 1 ), and equals zero in all other cases. Taking that into account, the last formula (3) can be rewritten in case of single scattering as:
If so, one can present the correlation function of the total field in singlescattering approximation, K(r 2 , r 2 ) = U (r 2 )U * (r 2 ) , in the following form, taking into account formula (4):
To derive the correlation function, K(r 2 , r 2 ), we must average the righthand expression in (5) over the positions of the reflecting surfaces of the obstructions (houses and/or trees), over their number and their reflecting properties. We will do this procedure step by step. First of all, let us average (5) over the reflection coefficient of each obstruction as a random screen (over the phase interval [0, 2π], as the phase distribution of the reflection coefficient), and denote this result by K R (r 2 , r 2 ). Considering now that the correlation scales introduced above are smaller than the obstructions' sizes and the average distances between obstructions, i.e., 
We also must note that in the integral (5) we consider both points r S and r S as simultaneously placed on the surface of the same screen.
To obtain K R (r 2 , r 2 ) let us introduce instead of r S a new variable ξ = |r S − r S | and construct at the surface of reflected rough screen the local coordinate system {ξ, η} with the origin at the point r S with axis 0ξ oriented vertically and axis 0η oriented horizontally. Now, the correlation function for the reflection coefficients can be defined as:
where Γ(ϕ S ) is the amplitude distribution of the reflection coefficients over the angle ϕ S . Let us present (6) using all the approximations above:
where for the sake of simplicity we did not write the arguments of each function in the integrand, but only indicated their indexes as a subscripts. Integrating (8) over the variables ξ and η, we finally get where (see Fig. 2 ):
Let us note that dr = dS 2 · dn is the element of volume V in 3D-space, where dn is the element of length in the orthogonal direction to the obstruction surface. Then, the averaging (9) over the set of obstructions that are randomly distributed on the ground surface for k h 1, k v 1 gives us [33] [34] [35] [36] :
Here the integration is over the volume V of the mixed layer; P (r 1 , r) is the probability of direct visibility between two points r 1 and r (i.e., that point r is not shadowed with respect to point r 1 ) (see Fig. 2 ):
Here
and
where ν is the density of obstructions in the investigated area per 1 km 2 ; the parameter γ 0 determines the average horizontal distance of line-of-sightρ (direct visibility), becauseρ = γ
0 ;d is the average obstruction dimension. Here also the function σ(r 2 , r, r 1 ) is the average differential scattering cross-section from the obstruction [33] [34] [35] [36] :
where α is the angle between vectors (r 1 −r S ) and (r 2 −r S ) (see Fig. 2 ).
In the integral (10) the relief function P h (z) is defined by [33] [34] [35] [36] 
and determines the probability of the event that all observation points are inside the mixed layer with obstruction heights h n , n = 1, 2, 3, . . . , N, equally distributed for all numbers n and are not dependent on their total number N . In the integral in (14) the function w(h n ) is the probability density function of the obstruction heights distribution; X in (12a) is the probability of the event, that the projection of each point of observation at the plane z = 0, lies inside the contour of any obstruction placed on the plane z = 0;d is the average dimension of each obstruction. In [35] [36] [37] was shown that for built-up areas the buildings' overlay profile is very important characteristics which changes the intensity dependence in the space domain sufficiently depending on the height of both terminal antennas, the transmitter and the receiver, with respect to buildings surrounding them. As was investigated in [38] , for mixed residential or rural forested areas, where height of obstructions approximately at the same level, the built-up terrain profile can be omitted from investigations. In this case γ 12 = 1 in (12a) and the probability of LOS between two terminals is simply
The function P BD in (10) determines the probability of the event, that the wave after being scattered from point r and after arriving at point r 2 under angle ϕ will illuminate the horizontal segment of any obstruction oriented to (r 2 − r 1 ) by angle ϕ and is determined as [33] [34] [35] [36] :
We must state that formula (9) with all the additional definitions (10)-(15a) fully represents the correlation function in a short-wave approximation (0.9-10 GHz frequency band, which is interesting for the practical cases) and fully describes the single-scattering approximation. From (9) one can easily obtain the expression for average intensity:
Here r = (x − x 1 ) 2 + (y − y 1 ) 2 ,r = (x 2 − x) 2 + (y 2 − y) 2 ; the integration is over the layer volume V ≡ {x, y ∈ (−∞, +∞); z ∈ (0,h)}. Formula (16) is obtained for the case of 0 < z 1 <h, and z 2 >h. Let us now turn to the cylindrical coordinate system (r, ϕ, z). Then,
The main contribution to the integral in (16) is given by the area of the layer above the transmitter r ≤ρ and (h − z) < (z 2 −h)/(γ 0r ) for whichr = |r 2 − r 1 | and γ 0r 1. Far from this region the integrand in (16) attenuates exponentially. This means that the influence of the boundary z = 0 at function G(r 2 , r) can be neglected and we can present it for |r 2 − r 1 | ρ, z 2 ,h as:
The same is valid for the function G(r, r 1 ):
Finally, after integration (16) over the semi-plane S B , which consists of virtual sources of diffraction randomly distributed within the mixed layer according to the technique described in [34] [35] [36] (see, for example, Section 8.3 and Fig. 8 .9 in [34] ) and then over variables ϕ, z, and r, taking into account (18)- (19), we get for (z 2 −h)/h γ 0 d · e −γ 0 d , the following formula of incoherent part of average total signal intensity:
Here d = |r 2 − r 1 | is the range between two terminal antennas, the transmitter and receiver. This formula is more general than the same expressions for incoherent part of total field obtained in [33] [34] [35] [36] for urban propagation, because it accounts for the limit dimensions of obstructions both in vertical and horizontal directions, that is, twodimensional scattering properties of obstruction surface according to (20) . In fact in [33] [34] [35] [36] the term
2 is absent that changes sufficiently the frequency dependence and dependence on terrain features of scattered field (see (20) ). Below, in Section 3, we describe a procedure to estimate the parameters of trees and buildings, such as Γ, h , v . We estimate them separately and then we estimate the average parameters of obstructions placed within the investigated mixed area.
We must also note that the total average intensity of the field through the mixed layer is the sum of the intensity of the scattering and diffracted wave (20) (incoherent part) and of the intensity of the coherent part I co created by the wave coming from the source. Taking into account the probability of direct visibility between the source and observation point and using the corresponding formulas (11) and (19) we obtain for I co the following expression [34] [35] [36] :
Notice again, that formulas (20), (21) were obtained for quasihomogeneous mixed layer profile with γ 12 = 1 from (12a). This assumption is valid for the real situation in the mixed residential areas where the heights of trees and houses are at the same level. As also follows from formulas (20) and (21), they are valid only for the case of an irregular, but not curved, terrain, that is, it is correct for radio links shorter than 15-20 km.
Let us now present results of the model, which describes multiple scattering from an array of obstructions placed on rough terrain without taking into account diffraction phenomena. As was shown in [38] , this is actual for scattering from trees in forested environments. We will not repeat all derivations of this model, which is based on presentation of field strength as a set of Green functions and their convolutions. The procedure of these derivations is presented in [34, 35] for an array of buildings. Converting the results of the theoretical investigations carried there, we can obtain the following formula for the incoherent part of the total field intensity, taking into account a fact that the mixed layer has quasi-homogeneous profile with approximately the same level of obstructions for the case γ 0 d 1:
The same procedure as above allow us, following (11) and (19), to obtain for the coherent spectrum of the total field intensity I co the following expression:
Then the total field intensity for both models is presented as a sum of the coherent and incoherent parts, i.e.,
We use these formulas below to compare it with model of single scattering with diffraction and with experimental data.
COMPARISON BETWEEN 3D-STOCHASTIC MODELS AND EXPERIMENTAL DATA

Description of Experiments
The measurements were performed in commercial deployment of a Fixed Wireless Access (FWA) systems, in three locations in Poland: Lipniki, Koscierzyna and Tarczyn. These are typical rural neighborhoods, with one or two storey buildings surrounded by vegetation.
The frequency used was 3.5 GHz. The measurements were made with a transmitter antenna, h T , of 40 m and 80 m, high above the average tree and building heights while the height of the receiver antenna, h R , was between 3 to 15 m. Between 5 to 8 points were measured in each of the locations. The FWA system is a Frequency Hopping system, with 1 MHz instantaneous bandwidth, which is capable of hopping over 80 channels. The antenna used transmission at the base station is a vertically polarized 60 degrees sector antenna with 14 dB gain. The terminal station unit uses a more directive, 18 dB gain antenna, with 10 degrees beam width. The terminal station measures regularly the received strength for all the operating frequencies and provides a minimal, maximal and mean received signal strength values, by request.
The average parameters of the obstructions were estimated in the following manner. For the reflection coefficient, Γ, we used the average value of measure for brick walls and wooden surfaces of trees, that is of 0.3-0.4. As for the correlation scales, h and v , for trees they are in the order of tens of centimeters, whereas for one-two floor buildings they are in the order of 2-3 meters. In the case of uniformly distributed obstruction we took in our calculations h and v between 0.5 and 1 meter. The same procedure was used to obtain the minimum, average and maximum obstruction contours density, γ 0 . Thus, using the topographic map of the mixed area we divided it to regions of 1 km 2 area each and in each region we estimated the density of the obstructions. In regions with pure vegetation, the parameter γ 0 varies from γ 0 = 0.01 km −1 to γ 0 = 0.1 km −1 . In regions where buildings are predominant it ranges between γ 0 = 1 km −1 to γ 0 = 3 km −1 . Finally we obtained that the average parameter of obstruction density over the terrain varies between γ 0 = 0.1 km −1 to γ 0 = 1 km −1 . These values were used below in the numerical calculations of the path loss for single scattering and diffraction (20)- (21) and multiple scattering without diffraction (22) - (23) problems. (20)- (21) and (22)- (23), respectively.
Comparison with Experimental Data
Let us compare the results obtained from the stochastic model, using two approaches: single scattering with diffraction and multiple scattering without diffraction, with the experimental data. We estimate the accuracy of each approach to predict loss characteristics in mixed areas with vegetation by comparison to the measured data. For this purpose we present in Figs. 3-5 the path loss (in dB)
as a function of the receiver antenna height calculated according to formulas (20) - (21), (25) for the case of single scattering with diffraction (denoted by circles) and formulas (22)- (25) for the case of multiple scattering without diffraction (denoted by asterisks " * "). The experimental data are presented here by a thick line, which connects the minimum and maximum measured values. We also connected the circles and asterisks by thin lines, which span the range between possible results from the minimum value (the bottom circle calculated for γ 0 = 0.1 km −1 ) and the maximum value (the top circle calculated for γ 0 = 1 km −1 ). In the figures the distance d, between the two terminal antennas, the transmitter and receiver, as well as the base station antenna height, h T , is given in meters. The standard deviation value (ST D) and the following prediction error (Err) between two point sets (theory and measurements) were defined as:
Here N is the set dimension and R i and r i are respectively the theoretically obtained and measured path loss values. The experimental data were obtained from a commercial deployment does not allow for control of the installation thus it is necessary to present the results from each measurement point separately; conditions of measurements were different for each point of the local experiment. For points 13-14 and 18 the measured data are close to those obtained numerically by use of the model, which takes diffraction into account. The deviation between the calculated and measured values according to (26) - (28) does not exceeds 6-7 dB. On the other hand results of calculations made by use of the model that does not take diffraction into account give much larger deviations from the experimental data, of 8-10 dB (for points [20] [21] [22] and of 15-25 dB (for points 14 and 8) . The same result can be observed at all sites, as presented in Fig. 4 (for Koscierzyna experimental site) and Fig. 5 (for Tarczyn experimental site), respectively. As follows from the given illustrations, if one uses the statistical model of scattering without diffraction, the difference between the theoretical predictions (denoted in all the figures by asterisks) and the experimental data can exceed 25-30 dB, whereas the same model with diffraction from the obstructions' tops predict the signal intensity attenuation with an accuracy, equivalent to that of the measurement. The deviation between them does not exceed 2-5 dB, an effect, which depends on the density of the obstructions surrounding both terminal antennas, as well as on the antennas' height.
Sensitivity Analysis
The accuracy of the theoretical prediction depends on the range of variance of each parameter, which describes the terrain features. Thus, as shown in the analysis mentioned above and presented in Figs. 3-5 , variations of the tree and house densities, the average height and reflection properties affect the signal path loss by 10-20 dB. This is why, it is very important to know how accurate should the various parameters be and what is the effect of an error in one of the parameter. LetΘ be a vector of the set of parameters we are using:
and ∆Θ is a vector of errors in each of those parameters. Here δ 1 = (h − z 1 ) and δ 2 = (z 2 −h). Now, let Θ i denote one of these parameter, and ∆Θ i be an error in that parameter. It is clear that an error in the path loss introduced by the i th parameter, for other 5 parameters are constant, can be written in the following form:
Following expression (25) we immediately have from (27) that
Let us now analyze variations of the total path loss according to (31) for the model of single scattering and diffraction which is stricter than other model of multiple scattering without diffraction describes situation in the mixed environment with vegetation and, as follows from formulas (20) and (21) , more sensitive to terrain parameters variations. In this case we get, after some straightforward derivations: 
Detailed analysis of formulas (31)- (33) for different values of the parameters have shown that variations of all of them, expect the obstructions' density γ 0 , weakly influence the deviations of the total path loss of the receiving signal. As described in Table 1 , deviations of value of reflection coefficient over the range of ±30% (∆Γ = 0.1-0.3 for Γ = 0.6-0.9) leads to deviations of the total path loss of ±(0.5-1.5) dB; deviations of the value of the coherence scales over the range of ±30% (∆ h , ∆ v = 0.1-0.5 m for h , v = 0.5-2 m) leads to deviations of the total path loss of ±(1.0-3.0) dB; deviations of the value of the difference between antenna heights and the average height of mixed layer over the range of ±30% (∆δ 1 , ∆δ 2 = 1-2 m for δ 1 , δ 2 = 3-7 m) leads to deviations of the total path loss of ±(3.0-5.0 dB). Deviations of the parameter γ 0 are at the range of ±(30%-50%) and lead to deviations of the total path loss of ± (7.0-15.0) dB. This result is clearly seen from the results of comparison of the theoretical prediction with the experimental data: a wide coverage of experimental data is observed. This occurs because we have not obtained the precise topographic maps of the tested experimental sites. In any way, the analysis presented above shows that having full information of the area where the communication channels are to be deployed, with the proper knowledge one can more precisely predict the loss characteristics and finally obtain a full coverage of the areas of service.
SUMMARY
We can conclude by saying that the proposed stochastic model, based on the statistical description of different mixed areas with vegetation and their specific distribution and density of obstructions, as well as on the process of diffraction from their tops, provides very good prediction (with error that does not exceed 6-7 dB) of the actual path loss. The accuracy of theoretical prediction according to single scattering model with diffraction is increased with the increase of TX-antenna height.
Results of comparison with different experiments allow us to use the single-scattering approximation with diffraction for mixed residential areas with a good confidence with respect to multi-scattering only for radio traces less than 3-5 km. Moreover one can use the proposed single-scattering approximation with diffraction both for micro-and macro-cellular urban, suburban and rural residential environments for arbitrary heights of both antennas, transmitting and receiving, with respect to the average height of the obstructions.
